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ABSTRACT  
Elements emitted from the exhausts of new Ford Falcon Forte cars powered by unleaded petrol 
(ULP) and liquefied petroleum gas (LPG) were measured on a chassis dynamometer. The 
measurements were carried out in February, June and August 2001, and at two steady state 
driving conditions (60km h
-1
 and 80km h
-1
). Thirty seven elements were quantified in the 
exhaust samples by Inductively Coupled Plasma Mass Spectrometry (ICPMS). The total 
emission factors of the elements from the exhausts of ULP cars were higher than those of LPG 
cars at both engine speeds even though high variability in the exhaust emissions from different 
cars was noted. The effect of the operating conditions such as mileage of the cars, engine speed, 
fuel and lubricating oil compositions on the emissions was studied. To investigate the effects of 
these conditions, multivariate data analysis methods were employed including exploratory 
Principal Component Analysis (PCA), and the multi-criteria decision making methods 
(MCDM), PROMETHEE and GAIA, for ranking the cars on the basis of the emission factors of 
the elements. PCA biplot of the complete data matrix showed a clear discrimination of the 
February, June and August emission test results. In addition, (i) Platinum Group Elements 
(PGE) emissions were separated from each other in the three different clusters viz. Pt with 
February, Pd with June and Rh with August; (ii) the motor oil related elements, Zn and P, were 
particularly associated with the June and August tests (these vectors were also grouped with V, 
Al and Cu); and (iii) highest emissions of most major elements were associated with the August 
test after the cars have recorded their highest mileage. Extensive analysis with the aid of the 
MCDM ranking methods demonstrated clearly that cars powered by LPG outperform those 
powered by ULP. In general, cars tested in June perform better than those tested in August, 
which suggested that mileage was the key criterion of car performance on the basis of elemental 
emission factors. 
Keywords: ULP- and LPG-powered cars, chemical elements, emission factors, multivariate 
analyses. 
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INTRODUCTION 
Vehicular emissions continue to attract the attention of environmentalists and toxicologists not 
only because greenhouse gases are known to have adverse effects on global climate, but also 
because many organic compounds found in automobile emissions have high ozone forming 
potential or health effects on humans and other living organisms. As the number of in-service 
vehicles continue to grow around the world, several remedial measures including, stringent 
emission regulating legislation (e.g. The Parliament of the Commonwealth of Australia, 2000), 
introduction of “cleaner fuels” (e.g. BP Australia, 1999 and 2000), and changes in engine 
designs (Heck and Farrauto, 2001) have been employed to reduce the impact of vehicular 
emissions on the environment and its ecosystems. 
 One such remedial measure involves the fitting of catalytic converters on engines to 
reduce the emission of hydrocarbons, NOx and CO.  The most common catalyst consists of a 
honeycomb skeleton (5SiO2.2Al2O3.2MgO), which is usually coated with Platinum Group 
Elements, PGE (Pd, Pt and Rh), oxides of Ce, Zr, La, Ni, Fe and alkaline-earth metals to 
improve the performance of the catalyst (Moldovan et al., 1999; Palacios et al., 2000). 
The presence of PGE in the environment has been addressed previously (Rosner and 
Merget, 1990; Barefoot, 1999; Rao and Reddi, 2000; Barbante et al., 2001). Evidence from such 
studies suggested that there is an increasing build up of PGE in the environment since the 
introduction of catalytic converters. In addition, the studies show that:  (i) possible 
bioaccumulation and enrichment along the food chain has occurred; (ii) a large fraction of the 
contamination can be attributed to automobile emissions, and (iii) constant exposure to platinum 
leads to chronic health effects (Rosner and Merget, 1990). Apart from the elements present in 
catalytic converters, vehicle emissions may contain elements present in fuels (Pb, V and S), 
motor oils or lubricants (Zn, P, Ca, and Mg), anti-wear agents (Zn), oxidant oil additives (Cu), 
and the engine itself (Soldi et al., 1996; Cadle et al., 1999; Fukui et al., 2001; Nelson et al., 
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2002). Therefore, comprehensive information on the profile and concentrations of elements 
emitted by motor vehicles is important for the assessment of human and environmental 
exposure.  
Another remedial measure that is gaining popularity is the use of “cleaner fuels” For 
example, a growing number of commercial, official and private vehicles now use liquefied 
petroleum gas (LPG) as a “cleaner” alternative fuel to unleaded petrol (ULP). LPG provides 
about 8% more energy per unit weight than petrol (Chang et al., 2001). Thus, in terms of fuel 
consumption, vehicles operating on LPG should be more efficient than those running on petrol. 
In addition, recent studies have suggested that emissions from LPG powered vehicles have 
lower ozone forming potential, air toxic concentrations, and lower amounts of greenhouse gases 
than their unleaded fuel counterparts (ALPGA, 1998; Tanaka et al., 2001). However, LPG 
powered vehicles, like their ULP counterparts, use motor oils, anti-wear agents, antioxidant 
lubricant additives and catalytic converters that contain inorganic elements.  
The present work was therefore carried out to quantify and compare inorganic emissions 
from samples of otherwise similar LPG and ULP fuelled vehicles. In general, such studies are 
costly, and our car fleet for this exploratory study contained four in-service Ford Falcon Forte 
cars exclusively powered by LPG, and two ULP-fuelled vehicles with similar specifications. 
Although, literature is replete with information on elemental composition of emissions from 
ULP-powered vehicles (Hildemann et al., 1991; Cadle et al., 2001; Schauer et al., 2002), very 
little information is available on their LPG powered counterparts.  As far as we are aware, this is 
the first direct comparison of the elemental compositions of emissions from LPG and ULP-
powered passenger cars.  
In addition to undertaking a comparison of  the inorganic elements emitted from ULP 
and LPG fueled cars, the study (i) investigated the effect of car operating conditions such as 
speed, mileage, and fuel type on the emission factors of the elements, and (ii)  ranked the 
performance of the cars on the basis of the emission factors and the operating conditions. In 
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view of the diversity of elements monitored and engine operating conditions employed, 
multivariate data analysis techniques applied included the well- known exploratory display and 
pattern recognition method - Principal Component Analysis (PCA), as well as MCDM 
(PROMETHEE and GAIA ranking methods, (Keller et al, 1991)).   
EXPERIMENTAL METHOD 
Vehicle conditioning and sample collection 
The chassis dynamometer facility, sampling line and sampling procedure used for this work are 
the same as those previously described (Ristovski et al., 2005). Prior to a chassis dynamometer 
test, the cars were conditioned by running them at 60-80 km h
-1
 for about ten minutes. The 
exhaust emissions of the cars were measured during February, June and August, 2001. On each 
occasion, measurements were made at two steady-state operating modes defined as road speeds 
60km h
-1
 and 80km h
-1
. (Note: in this part of the Southern Hemisphere: February, with a typical 
temperature range of 21-29
o
C corresponds to the end of summer, June corresponds to early 
winter with a temperature range of 11-21
o
C, and August corresponds to late winter with a 
temperature of 10-22
o
C. The average rainfalls in February, June and August in Brisbane are 72 
mm, 71 mm and 43 mm respectively (Bureau of Meteorology, 2005.) 
The Ford Falcon Forte sedans used for the study had similar specifications but four of 
them were designed to run on LPG and two on ULP. On the average, the mileages of the cars 
were (5105 ± 1559) km during the February measurement and (15450 ± 3493) km during the 
August measurement (Table 1). All of the cars used the same motor oil, and the LPG and ULP 
fuels used during the measurements were obtained from the same petrol station.  
Exhaust emissions from the cars were collected by using a sampling system with Teflon 
filter membrane (47 mm diameter, nominal pore size 0.2 µm, Pall Corporation, USA) housed 
inside a Pall Corporation 47 mm polycarbonate filter holder, which drew approximately 0.2 m
3
 
of diluted exhaust air from the dilution tunnel at a flow rate of 0.02 m
3 
min
-1
. After sampling, the 
filter was immediately stored in a vial and sealed.  This was then wrapped in aluminum foil, and 
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placed in a freezer until required for digestion. Field blanks obtained at the sampling site were 
stored in the same way.  
Reagents 
Washing of laboratory glassware, other apparatus and preparation of sample solutions and 
standards were carried out using deionized water (resistance >18 mΩ, Maxima Ultra pure water 
system, Selby Scientific, Brisbane, Australia). Sampling filters were digested in high purity 
ARISTAR grade 70% concentrated nitric acid, and the standards were prepared from multi-
element ICPMS standards (EM Science, New Jersey). 
Analysis of Samples 
The preparation of the diluted samples and standards was carried out under a Gelman DFE120P 
vertical laminar airflow cabinet in an ultra-trace analysis room, which has an air ventilation 
system capable of filtering aerosol particles of more than 5 µm. The sample filters were digested 
by nitric acid as described by Thomas and Morawska (2002). All samples were placed in Teflon 
vessels with 4 mL of 70% concentrated nitric acid, and digested in a CEM microwave oven 
(Matthews, NC, USA). The oven was programmed as follows: step 1 – 30 min, 60% power, 75 
psi; step 2 – 15 min, 100% power, 75 psi; step 3 – 30 min, 60% power, 20 psi. Prior to the 
digestion, it was calibrated according to the supplier’s manual, and each power setting had a 
power output of 5.6 W, which corresponded to 420.0 W and 562.2 W at 75% and 100% power 
respectively. After digestion, the solution was diluted to 25 mL in a standard flask, and stored in 
a polyethylene plastic vial. Analyses were carried out on a VG Elemental PlasmaQuad 
Inductively Coupled Plasma Mass Spectrometry PC2 instrument (VG Elemental Winford, 
Cheshire, UK).  
As part of quality assurance measures, three replicate samples of a NIST 1648 Certified 
Reference Material for Urban Dust was digested as described above and analyzed. Acceptable 
recovery percentages (Landsberger and Creatchman, 1999) were observed for the certified 
elements:  Al (81±2)%, Ca (94±10)%, Cr (110±2)%, Mn (89±5)%, Zn (78±3)%, Sr (126±3)%, 
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Ni (82±3)%, V (98±14)%, Sb (112±8)%, Mg (112±5)% and Cd (110±2)%. Elemental analyses 
were performed with reference to a series of diluted EM Science calibration standards. Prior to 
the analyses, the instrument was tuned three times with tuning solutions, which consisted of 10 
ppb each of Be, Bi, Ce, Co, In, Mg, Ni and Pb until the tuning gave less than 5% relative 
standard deviations of absolute signals for all analytes. The performance of the instrument was 
also checked by analyzing a calibration standard after every 15 samples, and this was generally 
found to be acceptable within 15% of the initial calibration (Landsberger and Creatchman, 
1999). The correlation coefficient for the linear calibration of each element was always equal to 
or better than 0.995, and the detection limits ranged from 3 pg sample
-1
 to 17.8 ng sample
-1
. 
Field blank values were subtracted from the concentration of each element. The resultant values 
were multiplied by the exhaust dilution ratio and speed (km h
-1
), and divided by sampling time 
and flow rates to yield emission factors in µg km
-1
 (Morawska et al., 2002). 
Chemometrics Methods 
PCA  
Exploratory PCA is a well-known data display method of multivariate analysis (Lavine, 2000). 
It effects data reduction by transforming an original data matrix into a set of linear, orthogonal 
latent variables referred to as principal components (PCs) such that the first PC describes most 
of the data variance, the second PC the next largest amount and so on until as many PCs are 
generated as there are original variables. However, the data variance is commonly accounted for 
by just a few new latent variables. Hence, the original data is efficiently compressed. Each 
object has a score value on each PC, and every variable is likewise associated with a loading on 
each PC. Commonly, scores may be displayed in a two dimensional PC space facilitating an 
analysis of the data structure, and this can be assisted by PC loadings plots. These plots provide 
guidance for the recognition of important variables on a PC, but biplots consisting of an overlay 
of the criteria-variables, represented as vectors, over the PC scores plot provide an effective 
method for studying the object-object, variable-variable, and object-variable relationships. 
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Pretreatment of the data matrix is a common practice prior to submission to a chemometrics 
procedure; in this work, the matrix was autoscaled. The PCA in this study was carried out by 
using SIMCA-P-10 software from Umetrics. This software has the advantage of displaying 
Hotelling T2 95% confidence limit ellipse in the score plot to show the presence of outliers.  
PROMETHEE AND GAIA 
Algorithms for PROMETHEE and GAIA methods are available in the literature (e.g. Brans et 
al., 1986, Keller et al., 1991 and Ayoko et al., 2004). Essentially, PROMETHEE facilitates the 
ranking or ordering of a number of objects (in this work, cars) according to preference and 
weighting conditions pre-selected by the user, and  applied to the variables (emission factors of 
elements and driving conditions). The steps involved in the application of PROMETHEE 
procedure are outlined as follows: 
1. for each variable all entries in the data matrix are compared pairwise, in all possible 
combinations by subtraction, and this results in a difference, d, for each comparison. 
Overall, a  difference, d, matrix is generated; 
2. a preference function is chosen for each variable.  It describes how much one object is 
preferred to another. In the software, one of six such functions may be chosen. Regardless 
of the function selected, for each variable, it is necessary to specify whether top-down 
(maximized) or bottom-up (minimized) rank ordering is preferred. In addition, each 
variable can be weighted in importance, but in general, most modeling initially uses the 
default weighting of 1.  In this work, the variables were the emission factors, and were 
“minimised” because lower values indicated a less polluted exhaust or better performing 
cars, and the V-shaped linear preference function (P)  described below was applied:  
P = 1   for d  ≤  z    (1) 
P = d/z  for 0 < d < z    (2) 
P = 0  for d  ≥  0    (3) 
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where d is the difference for each pair-wise comparison and z is the threshold, which 
was set at maximum value of each emission type in a particular column. This 
preference was also used for the mileage. Similarly, the same preference function 
was used for the emission measurement months, which was “maximized”. Other 
variables such as fuels and speed were “minimized” with the use of the usual 
preference function defined as: 
P = 0   for d  =  0    (4) 
P = 1   for d  ≠  0    (5) 
All the variables were weighted equally using the procedure described below: 
3. The preference function, selected for each variable is used to allocate a preference value 
for each difference, resulting in a preference table. The sum of preference values for each 
object, for instance, a ‘global preference index’, π, indicates the global preference of one 
object over another.  
4. To refine the preference selection process, positive and negative outranking flows: +φ and 
−φ  respectively are computed. The former expresses how each object outranks all others, 
while the latter indicates how each object is outranked by all the other objects.  This 
procedure results in a partial pre-order, called PROMETHEE I ranking. 
5. By applying a set of rules described by Keller et al. (1991), the net out ranking flow, 
−+ −= φφφ , is calculated. This procedure is known as PROMETHEE II and the higher the 
value of φ for an object, the higher is its position in the rank order.r.  
GAIA, on the other hand, is a special PCA biplot obtained from a matrix, which has been 
derived from a decomposition of the PROMETHEE II net outranking flow indices (Keller et al., 
1991).It is a procedure for visual display and evaluation of PROMETHEE results. It also 
facilitates the interpretation of the significance of the different variables. A detailed explanation 
for its interpretation can be found in Espinasse et al. (1997).  
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Results and Discussion 
The average emission factors of all of the 37 elements quantified from the exhausts of the LPG 
and ULP cars tested during February, June and August 2001 are listed in Table 2. A close look 
at the Table shows that wide variations were observed in emission factors of the same elements 
in cars, which use the same motor oil but different fuels. This variability is consistent with 
results from previous emission studies reported by Hidermann et al. (1991), Schauer et al. 
(2002) and Lough et al. (2005), where only very few emission factors vary by less than two 
standard deviations. Such variations were also observed in the comparative study of organic 
emissions from LPG and ULP-powered vehicles (Chang et al., 2001), and this was attributed to 
the variations in combustion conditions within the engines and the engine emission control 
systems. It is also well known (eg. Ristovski et al., 2005) that emissions of particulate matter 
from spark ignition engines are highly unstable with occasional “spikes” that may be up to two 
orders of magnitude above the baseline concentrations. Since the emission control systems in the 
present study are similar, differences in the mechanical states of the cars may be responsible for 
the high variability in the emissions of the cars.  
Platinum Group Elements (PGE) and many other elements were emitted by all of the 
ULP- and LPG-powered cars. However, it appears that different elements are associated with 
different types of fuels. Thus, ULP cars generally have relatively higher emission factors for Cu, 
Mg, Al and Zn, while LPG cars have higher emission factors for V. Although the average 
emission factors of the elements in the exhausts of the ULP-powered cars are usually higher than 
those from the LPG cars, the elemental emission factors obtained for the ULP cars are 
comparable with those reported earlier for catalyst-equipped gasoline vehicles (Cadle et al., 
2001; Hildemann et al., 1991; Schauer et al., 2002).  
The cars in this study used the same type of motor oil, which contained significant 
amounts of Zn in the form of zinc dithiophosphate (Table 2). However, despite the high 
concentration of dithiophosphate in the oil, the emission factors of P from both LPG and ULP 
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cars were relatively low. This is because the volatility of P is determined by the formulation and 
chemistry of the phosphorus compounds (Selby, 2002) rather than the volatility of the oil. In 
addition, relatively low concentrations of the volatile P reach the exhaust because P readily 
deposits on the three-way catalysts, where it adversely inhibits their performance (Whitacre et 
al., 2002). Other elements such as Li, Mg, As, V, Mn, Sb, Sn and Tl, which were detected in the 
oil, and were also found in the tailpipe emission of the cars, suggesting that motors oil contribute 
to the emission factors.  
The role of fuel sulfur content on the emissions of hydrocarbons, CO and NOx (Maricq 
et al., 2002) has been recognized but its role on the emissions of the elements is not fully 
understood.  For example, Maricq et al (2002) suggested that the presence of sulfur in the fuels 
has detrimental impact on the performance of vehicles, and that this effect is facilitated by the 
buildup of particulate sulfate on the surface of the catalyst (Maricq et al., 2002). Modern 
catalysts are typically coated with compounds of platinum group elements (Moldovan et al., 
1999). Therefore, the effect of partial removal of the sulfur buildup and consequent emission of 
PGE at higher speed (Maricq et al., 2002) may contribute to the higher emission factors of PGE 
observed at 80 km h
-1
 than at 60 km h
-1
. Interestingly, the emission factors of the PGE at both 
speeds are lower in the exhaust of LPG cars than that in ULP cars and this may be due to the 
lower sulfur content (less than 100 ppm) of LPG  in comparison with ULP (about 500 ppm 
sulfur) (BP Australia, 2004).  
Apart from the fuels and motor oil, the emission factors observed for the elements may 
be influenced by other factors. For example, engine speed appears to have some effects on the 
emission factors but the effects are not always the same for each element. While the emission 
factors of the elements such as Pt, Mo, W, Fe, Zr, Re, Hf, Ta, Au, Nb and Ru, which are likely 
to originate from the catalytic converter and engine parts, were found to increase with increase 
in engine speed (Table 2), the opposite effect was observed for elements Mg, Cu, Al and Zn, 
which are likely to originate from motor oil and fuel additives (Cadle et al, 1999). As noted 
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earlier, a possible explanation for the observed effects, particularly for the PGE elements, is that 
in hot combustion engines, temperatures could reach above 540
o
C, and this could facilitate the 
conversion of the sulfur in the oil and fuels into sulfates. The sulfates could in turn be adsorbed 
on the surface of the catalyst at low speeds, and then partially re-emitted at higher speeds 
(Maricq et al., 2002). Unfortunately, direct comparison cannot be made with other studies since 
there is scanty information in the literature on elemental emissions from ULP or gasoline-
powered cars operated at different speeds.   
Multivariate Data Analyses 
Principal Component Analysis (PCA) 
Considering the fact that many variables were investigated in this study, multivariate data 
analysis techniques were employed in order to unveil the structure of the data. Thus, an 
autoscaled data matrix consisting of the emission factors of the 37 elements for 30 objects (ULP 
and LPG cars operated at 60 km h
-1
 and 80 km h
-1
) was analyzed., Like other parametric data 
projection methods, PCA results are sensitive to the presence of outliers. Consequently, two 
outlier objects identified on the basis of Hotelling T2 95% confidence limit ellipse analysis were 
excluded prior to further exploratory analysis of the slightly reduced 28 object matrix. 
The PC1 versus PC2 biplot (Figure 1) showed three clusters of objects, corresponding to 
the groups of cars tested in the three months. The cars tested in February generally have negative 
PC1 scores. Pt, Be, Ta, U, Cs, Ti, Tl, Sn and Ge strongly discriminated the objects from the 
others. The rest of cars tested in June and August have positive PC1 scores, and are separated 
from the February cluster by the 26 remaining positive loadings with Zn, Rh, Ru, Re, Mg, Rb, 
Hf, Cu, Al and V  as the most  positive on PC1. Interestingly, many of the variables associated 
with the June and August tests are common components of engines, oils and catalytic 
converters. Pt was found to have a negative loading value and associated with the February 
cluster when the cars had low mileage (5105 ± 1559 km).  This supports the previous 
observation that newer vehicles fitted with catalysts tend to have higher emission factors of 
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PGE, especially Pt (Moldovan et al., 1999). In this context, it is particularly interesting to note 
that in this work, the PGE elements were separated from each other in the three different clusters 
viz. Pt with February, Pd with June and Rh with August.   
The objects in the February cluster have quite low scores on PC2, and thus, this PC 
effectively discriminates the June and August groupings. The former has positive scores on PC2, 
and is associated particularly with the positive loading vectors Sb, Ga, Au, Mo, W, Nb and Pd,  
while the latter has negative scores, and is discriminated by all the remaining variables, 
principally Rh, Re, Hf, Ru, Mg, Fe and Ir. These observations suggest that the June and August 
clusters contain cars whose emissions are influenced by mileage with the June tests being run at 
much lower average mileage (10710 ± 2518 km) than those in August (15450 ± 3493 km).   
The vector for Zn is long and hence, an important variable in this work. This element is a 
major component of the lubricating oil. Thus, the contribution of such oils to emission factors 
cannot be ignored, particularly during June and August tests.  In addition, Zn correlates fairly 
well with the P, V, Al, and Cu vectors. These observations partially agree with previous reports, 
which linked Zn and P with emissions derived from motor oil compositions (Whitacre et al., 
2002). 
 So far, observations from the exploratory PCA suggest that the profile of emission factors 
from car exhausts varied over time and with mileage irrespective of the fuel or speed. 
Discrimination on the basis of emission factor in our work is broadly controlled by several 
elements during each month of testing. Some of these elements are major elements (e.g Zn, Al, 
Fe, V, Cu) that are commonly found in fuels, lubricating oils and engine parts while others are 
minor elements (e.g. Hf, Re, In, Cs, U).  Many of the minor elements were present at very low 
levels, and are accompanied by higher uncertainties of estimation, and hence, a higher degree of 
variance. 
To further investigate the influence of the minor elements, the data matrix was reduced to a 
28 objects x 20 variables data by excluding 17 minor elements, and the PCA was performed 
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again (PCA plot not shown). The overall biplot pattern remained more or less the same as that 
previously noted (Figure 1) with the February and August clusters appearing to be somewhat 
tighter than before. However, the June cluster became more dispersed with the two objects, 
Car8.60.J and Car6.60.J (where car8.60.J denotes car 8, studied at 60 km h
-1
 during the June 
test) being atypical, and affecting  the associated variables P, Pd, Au, Mo and W on the one 
hand, and V, Zn, Al, Cu and Zr on the other. This effect was reflected by a shift in these variable 
vectors towards these two objects. It is interesting to note that in addition to the fact that both 
cars traveled at 60 km h
-1
, they were also two of the three top mileage cars in the June trial, 
covering 11259 and 12445 km respectively. 
When these two atypical car objects were removed and the resulting 26 x 20 matrix 
was analyzed by PCA (Figure 2), the changes in the PC1 versus PC2 biplot were quite 
significant. The P, W, Mo, Au and Pd vectors shifted to correlate more strongly with the June 
cluster, and the Zn, Al, Cu and Zr vectors effectively merged with variables associated with the 
August cluster. One vector, V, still remained in approximately its original position with 
apparently no strong correlation to any car or other variables. Also, Car3.80.J was now an outlier 
as defined by the Hotelling T2 95% ellipse (Figure 2).  When in the next PCA experiment this 
car was removed, the V variable vector, and interestingly, the W vector shifted to interact with 
the August and the February clusters respectively. This is a clear illustration that individual car 
exhaust performance may have very significant effects on the relationships of the emission 
factors with other experimental characteristics. This observation echoes the previously 
mentioned elemental “spike” effects in emissions of particulates (Ristovski et al., 2005). It 
should be noted that in relation to the atypical performance of the previously mentioned cars, 
Car8.60.J and Car6.60.J, the Car3.80.J had the highest mileage, 13516km, but importantly was 
studied at the faster speed of 80 km h
-1
. These results seem to point to the conclusion that 
mileage and speed are the particularly important factors influencing exhaust emissions. 
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Such observations were further investigated with the aid of the MCDM methodology, 
which also examined the interrelationships between the emission factors, and car operating 
conditions with the car rankings.   
PROMETHEE AND GAIA analysis 
The MCDM analysis was initially conducted on 18 objects and the emission factors of ten 
selected elements (ie excluding the cars tested major elements). The objects were chosen based 
on the observation of the two well separated clusters from the PCA biplot (Figure 1), ie the June 
and August tests, which were related to the emission factors of most of the important elements. 
Thus, ten elements were chosen to represent the elements commonly found in catalysts, fuels, 
lubricating oil and engine parts (Table 3). This resulted in a set of variables that included Pt, Rh, 
Pd, Sn, Ti, V, Al, Cu, Zn and Mg.  
The modeling for each emission factors included the use of a linear V-shaped preference 
function (eqns 1-3) with the threshold set at the maximum value of the particular variable. On 
the other hand, variables such as speed, fuel type and testing month were identified by numbers 
0, 1 or 2 while mileage was entered as distance traveled values. The mileage and testing months 
were modeled by the linear V-shaped preference function, while the speed and fuel types were 
modeled with the use of the Usual function (eqns 4-5).  The default weighting of 1 was applied 
to each variable.  
PROMETHEE II φ net ranking flows (Table 4) showed that the top six cars were fueled 
by LPG and also, tested in June. The highest placed car using ULP fuel was in eleventh position. 
These observations indicate that LPG cars are outperforming cars powered by ULP fuel. It 
appears that irrespective of speed or testing month, cars powered by LPG outperform those 
powered by ULP. These findings are consistent with the results from the particle emissions of 
the vehicles (Ristovski et al., 2005). When such findings are considered along with the fact the 
LPG cars have lower fuel consumption rates (7 to 10 L per 100 km) than the ULP cars (12 to 17 
L per 100km), it is plausible to infer that the cars powered by ULP tend to emit higher levels of 
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trace elements that might have been attributed to the fuel component, and its effect on the 
internal engine combustion.  
In general, cars tested in June (average mileage: 10,710 km) perform better than those 
tested in August (average mileage: 15,450 km), and mileage traveled appears to be the key 
variable underpinning this observation – the less mileage covered, the better the performance on 
the suite of variables analyzed.  
The GAIA PC1 versus PC2 biplot (Figure 3) shows a clear separation of objects in the 
June and August clusters (variance described: 59%). The Rh and Mg vectors are long and show 
that the objects in the June cluster have low emission factors for these elements; conversely, this 
implies that the objects in the August cluster are relatively high in these emission factors. The 
PGE elements are still separated as noted previously, except that in absence of the February 
cluster the Rh and Pt criteria vectors are closely correlated. The remaining vectors, Ti, V, Zn, 
Al, Cu and Mg, probably reflect their origins in the internal combustion engine. They are 
relatively long, and reasonably well correlated with each other; they lie roughly in between the 
two test months suggesting that they have some contribution for each testing month.  
The principal outcome of the GAIA analysis supports the PROMETHEE ranking 
observations by showing that most emission factors of the elements are to a lesser or greater 
extent associated with the June test.  If the earlier observation that mileage is the critical 
criterion involved in car performance is correct, then ideally the performance of some cars with 
low mileage in the February test should rank relatively well. Thus, a 28 x 14 matrix consisting of 
28 objects (cars from the three test rounds) and 14 variables made up of four operating 
parameters and ten emission factors was constructed. When this data set was submitted for 
PROMETHEE II analysis, the results summarized in Table 5 were obtained. The best 
performing cars were generally those tested in February and the worst performing cars were 
those tested in August. For example, the top two cars were from the February test when all cars 
exhibited low mileage (Table 1). They are followed by the top ranked cars in the analysis of the 
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June and August test described in Table 4 above. The poorest performing objects are mostly 
associated with the August test when all cars had relatively high mileage, ie approximately 3-4 
times that for the February test. A closer look at Table 5 also reveals that the rank of an 
individual car was generally highest if it was tested in February, and lowest if it was tested in  
August. Thus, the ranks of Car1.60 in Table 5 were 1, 7 and 25, which corresponded to its 
relative performance during the February, June and August tests respectively. A similar trend 
was observed for Car5.60. In addition, the top eleven cars were run on LPG, and the first ULP 
fueled trial was in twelfth position, while most of other ULP vehicles fell in the net ranking 
range 13-24, with the worst performing ULP car in spot 27.  The ranking information from the 
expanded data matrix strongly supports the observations that the performance of ULP fueled 
cars is below those powered by LPG fuel.  
Concluding Remarks 
Quantitative comparison of emission factors of 37 elements from the exhaust systems of the six 
LPG and ULP powered  Ford Falcon Forte in-service cars has been carried out. Elements 
traceable to the catalytic converter, engine components, fuel and lubricating oil were emitted in 
different amounts by all cars. It was noted that total emission factors of the elements were higher 
for cars powered by ULP than for those powered by LPG.  
 Multivariate data analysis indicated that exploratory PCA biplot of the complete 28 x 37 
data matrix showed a clear discrimination of the February, June and August tests. It was noted 
that the loadings vectors associated with each cluster, were significantly influenced by emission 
factors of minor elements.  These could be attributed to their relatively low levels and higher 
uncertainties. Thus, multivariate analyses of such matrices have to be conducted critically so as 
to exclude undue influence from such emission factors. It was also demonstrated by PCA that 
individual cars could produce significant spike effects in agreement with previous studies 
(Ristovski et al, 2005), which could affect the interpretation of results. The PGE elements were 
separated from each other in the three different clusters viz. Pt with February, Pd with June and 
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Rh with August. When only the June and August data matrix was considered, Pt still was 
separated from the Pd and Rh criteria vectors, which, in this case, were closely correlated.  
While Pt emissions were associated with the February lowest mileage test supported 
previous findings (Moldovan et al. (1999)) that newer vehicles fitted with catalysts tend to have 
higher emission levels of platinum, the motor oil related elements, Zn and P, were particularly 
associated with the June and August measurements, and these vectors were also grouped with V, 
Al and Cu. 
Finally, analysis of carefully defined reduced data matrix (18 x 14) by the MCDM 
ranking methods, PROMETHEE and GAIA, indicated that: (i) in general, cars tested in June 
perform better than those tested in August, which suggested that mileage was the key criterion 
and (ii) irrespective of speed or testing month, cars powered by LPG outperform those powered 
by ULP. These findings have implications on the understanding of the factors that influence 
vehicular emission of elements into the environment.  
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Table 1: Mileages of the cars at the end of each test round 
 
 Accumulated mileage (km) , 2001 
Vehicle no. February June August 
 
LPG fueled cars: 
Car 1 4854 8956 13046 
Car 3 6004 13516 19214 
Car 5 3991 7376 10213 
Car 6 4406 12445 16426 
 
ULP fueled cars: 
Car 7 7793 - 18960 
Car 8 3581 11259 14840 
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Table 2: Average emission factors (± standard deviation) of the elements in the exhausts of the 
LPG and ULP cars (µg km
-1
) and elemental concentrations of lubricating oil in ppm (n.a. = not 
analyzed; n.d. not detected) 
 
  60 km h
-1
  80 km h
-1
 Lubricant oil 
(ppm)   LPG ULP  LPG ULP  
Li 0.029 ± 0.018 0.10 ± 0.10 0.02 ± 0.02 0.009 ± 0.006 0.014 ± 0.002 
Be 0.007 ± 0.006 0.01 ± 0.01 0.004 ± 0.003 0.005 ± 0.004 n.d. 
B 24.59 ± 22.24 26.26 ± 25.59 7.6 ± 9.95 11.58 ± 19.77 n.a. 
Mg 5.01 ± 2.67 17.41 ± 17.89 3.73 ± 3.65 8.51 ± 7.76 6.9 ± 0.2 
Al 21.49 ± 27.43 33.58 ± 14.8 13.35 ± 11.13 26.31 ± 6.38 0.001 ± 0.001  
P n.d. 4.25 ± 0.00 2.78 ± 5.56 n.d. 800 ± 109 
Ti 41.36 ± 41.13 50.59 ± 68.04 14.55 ± 11.9 4.86 ± 4.71 0.210 ± 0.006 
V 0.13 ± 0.10 0.08 ± 0.14 0.15 ± 0.11 0.03 ± 0.04 0.012 ± 0.002 
Mn 1.46 ± 1.48 0.15 ± 0.22 0.55 ± 0.31 0.12 ± 0.17 0.54 ± 0.02 
Fe 36.47 ± 55.72 100.29 ± 70.92 109.44 ± 149.49 128.91 ± 91.15 11.7 ± 0.3 
Zn 14.33 ± 9.51 41.78 ± 27.57 9.95 ± 2.63 5.88 ± 11.75 1150.5 ± 36.4 
Cu 2.52 ± 1.36 15.15 ± 7.79 1.74 ± 1.97 4.33 ± 3.17 0.049 ± 0.002 
Ga 0.03 ± 0.02 0.03 ± 0.04 0.014 ± 0.004 0.02 ± 0.03 n.a. 
Ge 1.24 ± 1.13 2.68 ± 1.71 0.91 ± 0.27 1.71 ± 1.6 n.a. 
As 0.01 ± 0.01 0.002 ± 0.002 0.02 ± 0.03 0.002 ± 0.003 0.006 ± 0.001 
Se 0.06 ± 0.08 0.05 ± 0.08 0.11 ± 0.22 0.09 ± 0.16 n.a. 
Rb 0.04 ± 0.01 0.12 ± 0.11 0.03 ± 0.01 0.04 ± 0.03 n.a. 
Zr 0.13 ± 0.13 0.27 ± 0.39 0.52 ± 0.77 1.13 ± 2.01 n.a. 
Nb 0.002 ± 0.001 0.002 ± 0.004 0.15 ± 0.3 0.77 ± 1.54 n.a. 
Mo 0.48 ± 0.14 0.52 ± 0.41 0.86 ± 0.62 0.94 ± 1.35 35.0 ± 0.6 
Ru 0.03 ± 0.02 n.d. 0.33 ± 0.61 0.92 ± 1.83 n.a. 
Rh 0.06 ± 0.04 0.20 ± 0.00 0.4 ± 0.72 0.11 ± 0.00 n.a. 
Pd 0.011 ± 0.006 0.02 ± 0.04 0.21 ± 0.4 0.71 ± 1.4 n.a. 
In 0.011 ± 0.005 0.013 ± 0.004 0.006 ± 0.002 0.006 ± 0.004 n.a. 
Sn 1.06 ± 1.51 0.14 ± 0.16 0.33 ± 0.37 0.95 ± 1.15 0.0037 ± 0.0004 
Sb 0.008 ± 0.015 n.d. 0.11 ± 0.22 0.17 ± 0.30 0.0096 ± 0.0004 
Cs 0.007 ± 0.006 0.008 ± 0.006 0.005 ± 0.002 0.004 ± 0.004 n.a. 
Hf 0.10 ± 0.07 0.11 ± 0.21 0.28 ± 0.42 0.85 ± 1.54 n.a. 
Ta 0.03 ± 0.01 0.06 ± 0.07 0.21 ± 0.37 1.32 ± 2.59 n.a. 
W 0.08 ± 0.11 0.04 ± 0.03 0.46 ± 0.51 1.24 ± 2.42 n.a. 
Re 0.06 ± 0.04 0.11 ± 0.19 0.37 ± 0.66 0.71 ± 1.08 n.a. 
Ir 0.08 ± 0.15 0.001 ± 0.003 0.06 ± 0.11 0.52 ± 1.04 n.a. 
Pt 0.08 ± 0.04 0.11 ± 0.09 0.36 ± 0.56 1.47 ± 2.43 n.a. 
Au 0.05 ± 0.02 0.03 ± 0.07 0.21 ± 0.4 0.21 ± 0.42 n.a. 
Tl 0.01 ± 0.01 0.01 ± 0.01 0.004 ± 0.002 0.01 ± 0.01 0.0046 ± 0.0002 
Bi 0.008 ± 0.004 0.01 ± 0.01 0.005 ± 0.004 0.008 ± 0.002 n.a. 
U 0.009 ± 0.004 0.01 ± 0.01 0.004 ± 0.003 0.004 ± 0.005 n.a. 
Total 151 ± 78 299 ± 108 170 ± 151 206 ± 95  
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Table 3: Possible sources of elements frequently found in the exhausts of vehicles   
Element Description of Use Possible Source 
Pt, Rh, Pd Reaction promoter, 
stabilizer 
Catalytic converter 
(Moldovan et al., 1999)  
V  Fuel and motor oil (Nelson et 
al., 2002; Soldi et al., 1996) 
Al  Vehicular materials (Brewer 
and Belzer, 2001) 
Ti, Sn  Trace element in oil and 
bearings or piston coatings 
(Blackstone Laboratories, 
2004) 
Cu, Zn Anti-wear and anti-
oxidant 
 
Motor oil (Fukui et al., 2001; 
Cadle et al., 1999) Mg Detergent Dispersant - to 
impart detergency in the 
engine oil 
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Table 4: PROMETHEE II net ranking flows of car objects of the 18x14 reduced data matrix  
 
Rank Objects Fuel Type Net Flow, φ 
1 C5.60.J LPG 0.44 
2 C5.80.J LPG 0.36 
3 C1.60.J LPG 0.36 
4 C1.80.J LPG 0.29 
5 C3.60.J LPG 0.21 
6 C3.80.J LPG 0.13 
7 C5.60.A LPG 0.06 
8 C5.80.A LPG -0.01 
9 C6.80.J LPG -0.04 
10 C6.80.A ULP -0.04 
11 C8.80.J ULP -0.06 
12 C8.60.A ULP -0.18 
13 C6.60.J LPG -0.21 
14 C1.60.A LPG -0.23 
15 C1.80.A LPG -0.24 
16 C8.60.J ULP -0.26 
17 C8.60.A ULP -0.27 
18 C6.60.A LPG -0.32 
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Table 5: PROMETHEE II net ranking flows of car - objects of the 28x 24 data matrix; 
highlighted  objects refer to those shown in Table 4 
 
  
Rank Object Fuel type Net Flow, φ 
1 Car1.60.F LPG 0.35 
2 Car5.60.F LPG 0.32 
3 Car5.60.J LPG 0.30 
4 Car1.80.F LPG 0.28 
5 Car5.80.J LPG 0.23 
6 Car1.80.J LPG 0.16 
7 Car1.60.J LPG 0.16 
8 Car6.80.F LPG 0.15 
9 Car6.60.F LPG 0.13 
10 Car3.60.F LPG 0.12 
11 Car3.80.F LPG 0.10 
12 Car8.80.F ULP 0.10 
13 Car7.60.F ULP 0.09 
14 Car3.60.J LPG 0.05 
15 Car3.80.J ULP 0.03 
16 Car8.60.F ULP 0.00 
17 Car5.60.A LPG -0.06 
18 Car5.80.A LPG -0.13 
19 Car6.80.A LPG -0.14 
20 Car6.80.J LPG -0.16 
21 Car8.80.J ULP -0.18 
22 Car8.80.A ULP -0.19 
23 Car6.60.J LPG -0.26 
24 Car8.60.A ULP -0.26 
25 Car1.60.A LPG -0.26 
26 Car1.80.A LPG -0.28 
27 Car8.60.J ULP -0.31 
28 Car6.60.A LPG -0.34 
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Figure captions 
 
1. PC1 vs PC2 biplot for 28 objects and 37 emission-factor variables indicating the 
discrimination of the cars on the basis of the tests.  (filled (■) and unfilled (□) object -
symbols are the LPG and ULP cars respectively. Dashed ellipse defines the Hotelling T2 
95% ellipse. 
 
2. PC1 vs PC2 biplot for 26 objects x 20 emission factor –variables for the three car 
measurement rounds, February, June and August. Dashed circle defines the Hotelling T2 
95% ellipse. (filled (■) and unfilled (□) object -symbols are the LPG and ULP cars 
respectively.) 
 
3. GAIA biplot of 18 objects x 14 criteria (10 emission factors and 4 operating conditions) for 
the June and August tests only (filled (■) and unfilled (□) object -symbols are the LPG and 
ULP cars respectively.) 
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